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C®]l]l§.toaiffi§ff(D)irm®i.% ODC^ c^Ha-ms exMMt MAP Mimase/Eirk- 

nimdleipeniidlemtt comistfitotlnv© ipIhidDspIhioirykM®!! ©f S0S9 MalT mi c-Mm actnvaMoini 
dlciDMaM^ aidl iredliiiicedl PDGF irecef tor ©xpirsssSdJim 

Aino Paasinen-Sohns and Erkki Holtta 

Haartman Institute, University of Hebinki, Department of Pathology, PO Box 21 (Haartrruminkatu 3), FIN-00014 Helsinki, 
Finland 



WDiile it is kisowEii tibi&t tlhte cooostiltiuitive sictiivitty of si 
vsuriiety of sigmsi] trsumsdiiiictiosii mntolecinilGs Besidls to ceO 
ItraiQsfmesitiioiiB, key uinuresolvedl quEsstiosB ss wlhicltIhGir 
ltbe$$ \;7iiirilinigs conveirge (to si coosMomi iEtteiniiniedlisilc($) tfinat 
dflcltsilt^ ttrsLnnsforsniitioiiit. Iim (Ms sttidly, we inv^gatod 
wlhieter MIHI3T3 siM RaM eels itransdronied by Itmrnmi 
omtbte fiecarboxylasfi (ODC), 4>-Ha-m^'^" aiEsd teina- 
peratee-^stisatiive v-5rc on&cogeiise (displsiy comminiiioiDi siQtera- 
tioe(s) m ttbc conmpoinieiiiilts iHhatt ralay PDCF-riDetdlialtedl 
siigEialls m isomal I[i1biroMsistt& Tlbe ms- md. ODC- 
trsuffisfoned cells dM oBOtt sihow comssMteaftfively elevsittedl 
tyroske pDoosplliioiryiatdioE of ttllfie pQaospSiolipsisc Cy-l 
(PLCy-l), RasGTPase-acftnvatEBiig protek (GAP), plbo©- 
plbotyiro^sze plhiospSnsitffise Syp, Slbc pmteims, smtd. phos- 
pIl&atidylMoslitol 3-]!aiiS£is® (PI3-IK) m adtlvatjioni of tine 
MAP Kinase (Erkl amd &fe2), p70 S6 Mmase or the 
JaEQS pirotein tyroste IkfliDia^ (JAK) m& s^onall 
tE-an^occeir asud activator of tiraiiiscriptioiii (STAT) 
piroteinD-i patltiiways. Insstesid, due IRas nnudleotide excbamge 
factor §1^1 and IRaf-1 Mmia&e e^doilboted constitutive 
phospScorylatioinis, as dedimced from tfineir electrophoretic 
mobility dhiifts inn poiyacrylaMide gels. Hen&ce a Mnase 
distimict &om Erkl ainndl Erlkl, previomi^y kiDown to 
feedbacHs plhtosplhtorylate Sos-1 aEd Raf-l, is respomabUe 
for tB&e pQnosp^oryDatsoiiB of tDnese nnoleciuiles Inn tine 
tramisfomaiats. We also desEBomstrate tSitat titne r^&s- mi 
ODC-transfonniKed eels exMbit loss of fcoth tllne PDGF a- 
and jS-irecepttoirs, wMe ttlhie v-5'rc-traiiiisfonimarats show a 
predoininant redosctioiii Ib tfine ^-receptors. Moreover^ all 
tfiie thrasMononied cei lincss 'were fomin&d to display a 
conBStitisitive increase iim pSsospSsoirylattDoaii of c-Jim on 
serines (S3 and 73, wSiDcb appears to be governed by an as 
yet unbsBO'sTn Mnase. 

Keywoffds: transformation; ODC; Ras; Src; MAP 
kinase; c-Jun phosphorylation 



Introduictjion 

The proliferation of normal cells is tightly regulated by 
specific growth factors in the environment. Growth 
factors bind to and activate their cognate cell-surface 
receptors, which subsequently recruit and activate a 
distinct set of cytoplasmic signaling molecules that 
relay signals from the plasma membrane to the cell 
interior and nucleus. By contrast, transformed cells 
have escaped from the control of growth factors and 



Correspondence: E Hdlttfi 

Received 28 January 1997; revised 20 June 1997; accepted 
20 June 1997 



can grow (at least to a certain degree) autonomously 
due to the aberrant intrinsic signaling elicited by 
activated oncogenes or inactivated tumor suppressor 
genes. Despite the remarkable progress made in 
understanding the oncogenic signaling cascades, the 
ultimate mechanisms behind the cellular transforma- 
tion have, however, remained elusive. Supposing that a 
transformed cell should display constitutive or 
inappropriate activation of one or more components 
in the signaling pathway to gain independence of the 
upstream grov^th signals, we decided to search for 
signaling events altered in conunon in different 
transformed cells using normal cells untreated or 
treated with platelet-derived growth factor (PDGF) as 
a reference. 

PDGFs are the major growth factors for fibroblasts. 
They are dimeric proteins consisting of A and B chains 
that can occur in all possible combinations in vivo. The 
PDGF B-chain shows over 90% homology to the 
transforming protein encoded by the \-sis oncogene. 
The normal PDGF B-chain also has oncogenic activity, 
while the PDGF A-chain has only a weak transforming 
potential. Two distinct types of receptors have been 
identified for the PDGFs, designated PDGF a- and 
receptor, which associate noncovalently to form homo- 
or heterodimers upon ligand binding. PDGF-AA binds 
specifically to the a-reccptor and PDGF-BB binds both 
the a- and j5-receptors with high affinity (Heldin, 1992). 
Dimerization of receptors triggers their intrinsic 
tyrosine kinase activity and results in auto/transphos- 
phorylation of the receptors on multiple tyrosine 
residues. The phosphorylated tyrosine residues in the 
cytoplasmic portion of the receptor then serve as 
docking sites for a number of different effector 
signaling molecules containing SH2 and/or SH3 
domains (meidiating specific protein-protein interac- 
tions), such as phospholipase Cy-l (PLCy-l), Ras 
GTP-ase-activating protein (GAP), the p85 subunit of 
phosphatidylinositol 3-kinase (PI3-K), Src family 
kinases, Grb-2, Nek, She and phosphotyrosine 
phosphatase- ID (Syp) (Mayer and Baltimore, 1993; 
Pawson and Schlessinger, 1993). 

Cells transformed by roj, the most commonly 
activated oncogene in human cancers, have been 
found to become refractory to PDGF stimulation 
and display loss or suppression of the PDGF- 
stimulatad phospholipase C activity (Alonso et a!., 
1988; Parries et al, 1987), Ca^'' mobilization 
(Benjamin et al., 1988) and expression of growth 
regulatory genes, hke c-myc, c-fos and ornithine 
decarboxylase (ODC) (H61ttS et aL, 1988; Lin et al., 
1988; Zullo and Faller, 1988). The ray-transformed 
cells have, however, been found to display relatively 
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normal levels of PDGF receptors (Parries et al,^ 1987; 
Rake et al, 1991; Zullo and Faller, 1988). According 
to previous findings the attenuation of PDGF- 
mediated signal transduction by ras results from 
suppressed receptor autophosphorylation (Rake et 
aL, 1991; Tomaska and Resnick, 1993), which would 
be expected to interfere with the binding of the 
signaling molecules to the receptor. Indeed, it has 
been reported that in ro^-transformed cells RasGAP 
does not become associated with the PDGF receptor 
or increase its phosphotyrosine content in response to 
PDGF stimulation (Kaplan et al, 1990). However, in 
another study (Molloy et ai, 1992) PDGF stimulation 
of ro^'transformed cells was found to result in 
increased tyrosine phosphorylation of RasGAP 
similar to that found in normal cells. In addition, 
PLCy-1 has been reported to associate with the PDGF 
receptor and become phosphorylated ahnost normally 
in /of'transfonned cells (Kaplan ei al,, 1990), in spite 
of the documented loss or reduction of the PLC 
activity. Further, there are conflicting results as to 
whether the autogenic response to PDGF is altered 
(MoUoy et al, 1992; Parries et al., 1987) or not 
(Benjamin et al, 1988; Lin et ai, 1988) following ras 
transformation. Controversial results also exist regard- 
ing the specificity of these changes to ras transforma- 
tion. In v-jr^-transformed cells PDGF has been 
documented to stimulate normally phosphoinositide 
hydrolysis (Parries et aL, 1987) and c-fos expression 
(Lin et aL, 1988), but a complete lack of the PDGF- 
stimulated inositol phospholipid hydrolysis has been 
reported as well (Alouso et al, 1988). 

In order to resolve these conflicting data and sort 
out the signaUng perturbations ultimately dictating 
cell transformation, we studied the activation state of 
different signaling molecules in mouse and rat 
fibroblasts transformed by c-Ha-ras^*"2, human ODC 
and v-jrc oncogene relative to the PDGF-stimulated 
normal fibroblasts. It is notable here that ODC may 
be a central player in the signaling of many 
oncoproteins, as its activity is constitutively elevated 
in cells transformed by different chemical carcinogens 
(Pegg, 1988) and oncogenes such as v-jrc, neu and 
ras (Gazdar et al, 1976; Holtta et al, 1988; Sistoneu 
et al., 1989a, b). Further, the products of the central 
c-myc and c-fos oncogenes transactivate ODC (BcUo- 
Femandez et ai, 1993; Wrighton and Busslinger, 
1993) and the v-5rc-induced cell transformation can 
be blocked by transcription of ODC antisense RNA 
or with a specific inhibitor of ODC (Auvinen et ai, 
1992; H6Uta et al, 1993). The ODC-induced 
signaUng events have remained almost fully unchar- 
acterised. The present data show that the ras-y \*src- 
and ODC-transfonned cells display an attenuated 
response to PDGF stimulation with regard to 
tyrosine phosphorylation and activation of most of 
the signal transduction molecules, and that this is not 
due to their being constitutively activated. However, 
all the transformants displayed a constitutive 
phosphorylation (electrophoretic mobility shift) of 
Raf-1 and Sos-1, which is caused by a protein 
kinase(s) distinct from Erkl and Erk2. Most 
importantly, we also found a constitutive phosphor- 
ylation of c-Jun on its aminoterminal activation 
domain in all these transformed cells, which is not 
due to INK activation solely. In addition, we found 



that the ra5-transformed cells show a repression of 
the PDGF receptor expression, particularly of the 
type )S-receptor correlating with the degree of 
transformation. The ODC-transformed cells likewise 
exhibit a marked reduction in both receptors, while 
the v-j/T-transformed cells show a predominant 
suppression of PDGF jS-receptors. 



ResoiSte 

Stimulation of protein tyrosine phosphorylation in 
normal NIH3T3 cells by PDGF-AA and -BB 

Quiescent NIH3T3 fibroblasts (starved in 0.5% serum 
for 24 h) were treated initially with different concen- 
trations (0-100 ng/ml) of the PDGF-AA and PDGF- 
BB isoforms for 15 min, and the tyrosyl phosphoryla- 
tion of proteins was analysed by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) and immunoblotting 
with anti-phosphotyrosine antibodies. Increasing the 
concentration of both PDGF-AA and PDGF-BB up to 
30 ng/ml resulted in a progressive increase in the 
tyrosine phosphorylation of most of the proteins, 
following which relatively Uttle, if any, further 
enhancement of phosphorylation was observed at 
higher concentrations of the growth factors. The time 
course analysis of the tyrosyl phosphorylation of the 
proteins in normal cells in response to the PDGF 
stimulation showed that the phosphorylation patterns 
were roughly similar after 5, 10 or 15 min (which was 
the maximum) and declined thereafter. Therefore, in 
the shown experiments, the cells were stimulated with 
30 ng/ml of PDGF for 15 min. and the attained 
phosphorylation levels were used as a reference in 
searching for constitutively activated molecules in the 
different transformed cells. 

c-^^i-ras and ODC-transformed cells show reduced 
protein tyrosine phosphorylation in response to PDGF 
stimxdation 

We then compared both the basal and PDGF-mediated 
tyrosine phosphorylation levels of proteins in normal 
NIH3T3 fibroblasts to those in the NIH3T3 cells 
transformed by the c-Ha-ro^^'^'^ oncogene and human 
ODC cDNA. To also assess the dose effects of the 
transforming proteins, in many experiments we exam- 
ined two ray-transformed cell lines, the E2 and E4 cells 
(Holtta a/., 1988; Sistoncn et al, 1989b) and two 
ODC-transformed cell lines, the human ODC-over- 
expressing pLTR(S) cells (Auvinen et al, 1992) 
designated here as Ode, and a cell hne derived from the 
pLTR(S) cell-induced tumors in nude mice, designated 
as Odc-n, which express lower and higher levels of Ras 
and ODC, respectively. PDGF-AA stimulation of 
normal NIH3T3 cells resulted in a prominent increase 
in the tyrosine phosphorylation of proteins of about 190, 
150, 56 and 52 kDa (data not shown), and stimulation 
with PDGF-BB in the tyrosine phosphorylation of 
proteins of about 190. 150, 85, 69, 56 and 52 kDa 
(Figure la). The cells transformed by c-Ha-ras (E4) and 
hiiman ODC cDNA did not display constitutive 
phosphorylation of these proteins (except possibly for 
the 56 kDa protein) and showed only marginal increases 
in the tyrosine phosphorylation of the 190 kDa band and 



other proteins upon PDGF stimulation (Figure la). 
Further kinetic analyses did not change this result. Of 
note, the; tyrosine phosphorylation of the 190 kDa band 
comprising both the PDGF a- and j5-receptors (Figure 
la) and that of the PDGF )S-receptor (Figure lb) in 
response to the PDGF-BB stimulation was largely 
abrogated in the Ras transformants. Also the ODC- 
transformed cells showed a clear, yet less extensive 
attenuation of the PDGF-BB-induced tyrosine phos- 
phorylation of the 190 kDa protein band (Figure la) and 
PDGF ^-receptor (Figure lb). Similarly, there was a 
reduction in tyrosine phosphorylated PDGF a-receptor 
in the ras- and ODC-transformed cells (Figure Ic). 

PDGF-BB-mediaied tyrosine phosphorylation of FLCy-l 
and RasGAP is inhibited in ras- and ODC-transformed 
ceils 

In normal fibroblasts^ PLCy-l is known to become 
activated following its association with and tyrosine 
phosphorylation by the PDGF receptor (Kim et al., 
1991). In spite of numerous studies (Hill et al., 1990; 
Valius and Kazlauskas, 1993), the significance of PLCy*l 
activation for the cell physiology and mitogenic response 
remains elusive. Similarly, RasGAP is rapidly tyrosine 
phosphorylated upon stimulation with PDGF, but the 



a IP: a-P-Tyr Blot: a-P-Tyr 

NIH3T3 RasEd Ode Odc-n 

I 1 1 1 1 1 1 

PDGF-BB - + - + - + - + 




b IP: a-P-Tyr Blot: a-PDGFR-? 

Nl £4 Ode Odc-n 

I 1 I 1 I 1 I 1 

PDGF-8B - +- +- +- + 




« IP; a-P-Tyr Blot: a-PDGFR-a 

Nl E4 Ode Odc-n 
I 1 I 1 I 1 I 1 

PDGF-AA - +- +-^+- + 




Figure 1 Analysis of tyrosine phosphorylated proteins in normal 
NIH3T3 ebroblasts (Nl) and NIH3T3 cells transformed by c-Ha- 
ras^"*" oncogene (E4) and human ODC cDNA (Ode and Odc-n). 
The cells were stimulated (+ lanes) or not (-lanes) with 30 ng/ml 
PDGF-BB (d and b) or PDGF-AA (c) for 15 min. SDS-PAOE 
(8%) resolved ot-F-Tyr immunopredpitated proteins were 
immuDoblotted with monoclonal andbodies to phosphotyrosine 
(a), PDGF receptor-^ (b) and PDGF receptor-a (c). The relative 
positions of molecular weight standards run in parallel are 
indicated on the left 
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tyrosine phosphorylation of GAP appears not be 
required for mitogenesis (Valius and Kazlauskas, 
1993). Concerning ras transformation, conflicting 
results exist as to the tyrosine phosphorylation and 
activation of both PLCy-1 and GAP by PDGF, which 
prompted us to clarify these issues. 

The proteins from normal NIH3T3 cells and ras- 
and ODC-transformed N1H3T3 ceUs both stimulated 
or unstimulated with PDGF-BB were inrniunopredpi- 
tated with 4G10 anti-phosphotyrosine antibodies, 
subjected to SDS-PAGE and blotted with specific 
antibodies to PLCy-1 and GAP. When compared to 
the tyrosine phosphorylation level of PLCy-l in 
unstimulated and PDGF-stimulated normal cells, the 
ras- transformed E4 cells appeared to have a slightly 
elevated basal level of phosphorylated PLCy-l, and 
showed only a marginal further increase upon PDGF 
stimulation (Figure 2a). The ODC-transformed cells, 
in turn, did not show a constitutive phosphorylation 
of PLCy-1, but showed, like the Ras transformants, 
an attenuated response to PDGF, in particular the 
Odc-n cells (Figure 2a). The mixture of the 
monoclonal antibodies to PLC7-I used in the blotting 
is also known to recognize a 47 kDa adaptor protein 
Nek whose tyrosine phosphorylation is increased upon 
PDGF stimulation and whose overexpression can 
cause transformation of NIH3T3 cells (Chou et ai, 
1992; Li et al, 1992). Consistent with these reports, 
our immunoblotting of the anti-phosphotyrosine 
inuntmopredpitates with PLCy-1 revealed a small 
increase in the tyrosine phosphorylated 47 kDa 
protein in the PDGF-stimulated normal NIH3T3 
cells. Interestingly, the ceils transformed by ras and 
ODC appeared to show a small constitutive increase 
in the 47 kDa protein in the anti-phosphotyrosine 
immtmoprecipitates (Figure 2b). A similar result was 
obtained by blotting with monoclonal antibodies to 
Nek (data not shown). However, its significance is 
difficult to say, as the changes in Nek did not always 
strictly correlate with the degree of morphological 
transformation. There were no differences in the total 
amounts of PLCy-1 and Nek between the normal and 
ras- or ODC-transformed cells (Figure 2b). 

Figure 2c illustrates the status of tyrosine 
phosphorylated RasGAP in the cells prior to and 
after PDGF-BB stimulation. In line with previous 
reports, normal NIH3T3 cells responded to PDGF 
with a marked increase in tyrosine phosphorylated 
GAP. The ray-transformed E4 cells appeared to have 
a slightly elevated basal level of tyrosine phosphory- 
lated GAP and showed no response to PDGF-BB 
stimulation (Figure 2c). Likewise, in reciprocal 
experiments inununoblotting of the anti-GAP inrmiu- 
noprecipitatcs with monoclonal anti-phosphotyrosine 
antibodies revealed no enhancement of the tyrosine 
phosphorylation of GAP by PDGF in the ras- 
transformed cells. Unlike normal fibroblasts, the Ras 
transformants did not either show an increase in the 
tyrosine phosphorylated proteins co-inmiunoprecipi- 
tating with GAP after the PDGF treatment (data not 
shown). The ODC-transformed cells displayed also 
slightly elevated basal levels of tyrosine phosphory- 
lated GAP, but differed from the ras-transformed 
cells by responding to PDGF-BB with a distinct 
increase in the tyrosine phosphorylation of GAP 
(Figure 2c). 
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Cells transformed by ras and ODC show no constitutive 
tyrosine phosphorylation of the pS5 submit of PU-K or 
activation of c-Src 

PI3-K which is composed of a regulatory 85 kDa 
subimit and catalytic 110 kDa subunit, catalyzes the 
formation of phosphatidylinositols phosphorylated at 
the D3 position. Several studies suggest an important 
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Figure 2 Pbosphorylatiozi status of various signaling molecules 
previously implicated in transformation in the normal and ra^ or 
ODC-transformod NIH3T3 cells. The cells were untreated or 
treated with PDGP*BB and the total soluble proteins and oc-P-Tyr 
immunopredpitated proteins, resolved on SDS-PAGE (see 
Figure 1), were probed with specific antibodies to the indicated 
signaling molecules. The a-^P-Tyr immunoprcdpiiates were blotted 
with antibodies to (o) PLCy-1, (b) PLCy-1 and Nek, (c) GAP, (d) 
PI3-K, (e) SYP flind («) SHC. Of note, the exposure time of the 
upper filter in (b) is three times longer than that in (o). The lower 
panel in (b) shows the total amount of Nek in soluble protein 
fractions which is the same in all the cell lines irrespective of the 
treatment. The sanse was true for the total amounts of the other 
signaling molecules. The arrows point to the Nck-proteins 



role for PI3-K in the regulation of cell growth and 
malignant transformation (Cantley et aL, 1991; Parker 
and Waterfield, 1992). In our study, PDGF-BB 
stimulation of normal NIH3T3 cells resulted in a 
distinct increase in the p85 subunit of PI3-K in the 
anti-phosphotyrosine immunoprecipitates, while the 
ras- and ODC-transformed cells showed a smaller 
increase of p85 in the precipitates (Figure 2d). In 
reciprocal experiments, blotting of the anti-p8S 
immunoprecipitates with anti-phosphotyrosine antibo- 
dies revealed that p8S shows only a minor increase in 
tyrosine phosphorylation, but forms a complex with 
the tyrosine phosphorylated PDGF receptors. It is also 
notable that wortmannin, a potent inhibitor of PI3-K 
(Ui et aly 1995), did not have any effect on the 
morphology of the ras- or ODC-transformed cells (up 
to 500 nM concentration) (Tuovinen and Holtta, 
unpublished results). 

Next, we studied the behaviour of c-Src in the 
PDGF-stimulated normal and transformed cells. Src 
family members are known to associate with the 
activated PDGF receptor (Kypta et aL, 1990), and 
play an important role in the cell's entry into S-phase 
and mitosis. Blotting analyses of c-Src in the anti- 
phosphotyrosine immunoprecipitates from cells stimu- 
lated with PDGF-BB or not did not show any 
dramatic changes in tyrosine phosphorylated Src 
either in normal, ray- or ODC-transformed cells. The 
in vitro kinase assays revealed a minor (about twofold) 
increase in the c-Src activity in normal cells upon 
stimulation with PDGF-BB, but the ras- and ODC- 
transformed cells were unresponsive and did not either 
show a constitutive elevation of the Src activity 
(Auvinen et alj 1995, and data not shown). 

Tyrosine phosphorylation of Syp and She is not involved 
in raS' and O DC-transformation 

Protein tyrosine phosphatase Syp (PTP-1D/SHPTP2/ 
SHP-2) associates directly with the PDGF receptors 
through its two SH2 domains and becomes highly 
tyrosine phosphorylated upon PDGF stimulation 
(Feng et aL, 1993; Vogel et al., 1993). The major 
tyrosine phosphorylation site of Syp then serves as a 
docking site for the adaptor protein Grb-2 (Bennett et 
al, 1994) which is associated with the guanine 
nucleotide exchange protein Sos-l that, in turn, 
activates Ras (Buday and Downward, 1993). In 
agreement with earher studies, we found that PDGF- 
BB stimulation of normal NIH3T3 cells triggered a 
marked increase in tyrosine phosphorylation of Syp. In 
contrast, stimulation of the rar-transformed E4 cells 
with PDGF-BB resulted in no or a very marginal 
increase in the tyrosine phosphorylated Syp, the basal 
level of which was low. Similarly, the ODC-trans- 
formed cells did iiot show constitutive tyrosine 
phosphorylation of Syp, but responded to PDGF, 
although to a lesser extent than the normal cells 
(Figure 2e). 

Like Syp, the adaptor protein She can bind directly 
to PDGF ^-receptor. She becomes tyrosine phosphory- 
lated to a high degree upon Ugand stimulation, and 
subsequently serves also as a docking molecule for 
Grb-2. Besides the possible function of She in 
mitogenesis, enforced expression of She has been 
found to result in morphological transformation of 
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NIH3T3 cells (Pelicci et al., 1992). In normal Nffl3T3 
cells, PDGF-BB induced an increase in the tyrosine 
phosphorylation of all the three isoforms (47, 52 and 
66 kDa) of She. The yos-transformed E4 cells did not 
display elevated basal levels of tyrosine phosphorylated 
Sch proteins, and showed no significant increase in the 
tyrosine phosphorylation of the 52 kDa She in 
response to PDGF-BB. The ODC-transformed cells 
did not show a constitutive elevation in tyrosine 
phosphorylation of She proteins either, and eriiibitcd 
only moderate increases in the tyrosine phosphoryla- 
tion of the 47 and 52 kDa isoforms in response to 
PDGF (Figure 2t), Similar results were obtained in 
converse experiments when blotting the anti-She 
immunoprodpitates with anti-phosphotyrosine antibo- 
dies. There were no significant differences in the total 
amoimts of She proteins between the cell lines. 

Sos'l and Raf-1 show an electrophoretic mobility shift in 
the ras-, ODC- and v-src-transformed cells 

Translocation of Sos-1 (complexed with Grb-2) from 
the cytoplasm into the activated receptor complex is 
evidently the key step in the activation of Ras at the 
plasma membrane, and no change in its intrinsic 
guanine nucleotide exchange activity may be required 
for signaling. Indeed, it has been documented that 
plasma membrane targeting of Sos-1 fully activates the 
Ras signaling pathway, and results in cell transforma- 
tion (Aronhdm et al., 1994; Egan et aL, 1993). 
Following epidermal growth factor stimulation, Sos-1 
is known to become phosphorylated on serine/ 
threonine residues and its electrophoretic mobility is 
reduced (Burgering et a/,, 1993; Rozakis-Adcock et al, 
1992. 1995). In our study, we found that stimulation of 
normal NTH3T3 cells with PDGF-BB also results in a 
decreased mobility of Sos-1 in SDS-PAGE. Interest- 
ingly, the ros-transformed cells displayed a constitu- 
tively retarded migration of Sos-1 (Figure 3a). This was 
also true for Odc*n cells expressing very high levels of 
ODC, while the transformants with lower ODC 
expression levels displayed only a shghtly retarded 
mobility of Sos-1 and responded to PDGF with 
accentuation of the mobility shift (Figure 3a). 
Further, we found that the electrophoretic mobility of 
Sos-1 was also retarded in temperature sensitive (ts) 
RSVLA29 Rat-1 cells following y-src activation 
(Figure 3c). 

Sos-1 converts inactive GDP-bound Ras to active 
GTP-bound Ras, which then interacts with and 
activates the serine/threonine kinase Raf-1 (Avruch et 
al,, 1994; Daum et al., 1994), The requirement for Ras 
in Raf-1 activation is overcome by targeting Raf-1 to 
the plasma membrane (Leevers et a/., 1994; Stokoe et 
aL, 1994). The mechanism(s) by which the membrane 
bound Raf-1 becomes activated is not yet fully 
understood. The activated Raf-1 shows a reduced 
electrophoretic mobility (Daum et al., 1994). In line 
with previous reports, we found that stimulation of 
normal NIH3T3 cells with PDGF-BB triggered an 
electrophoretic mobility shift in Raf- 1 , The ras- 
transformed cells in turn displayed a constitutively 
retarded migration of Raf-1 (Figure 3b). Surprisingly, 
the ODC-transformed cells also showed a reduction in 
the electrophoretic mobility of Raf-1, the extent of 
which depended on the expression level of ODC 
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Figore 3 Sos-1 and Raf-1 show electropbotctic mobility shifts in 
the ras- and ODC-transfonned cells, as well as in the Rat-1 LA29 
cells upon v-jrc-induced transfonnatioo. Detergent-soluble total 
proteins were inununoblotted with antibodies to (a, c) Sos-l 
(resolved in 6% SDS-PAGEs) and (b, d) Raf-l (resolved in 8% 
SDS- pages; note that the antibody also detects an additional 
100 kPa Raf-related protein). The numbers above the lanes in 
panels (c) and (d) refer to days kept at the indicated temperatures 



(Figure 3b). As reported for stably v-jr<:-transformed 
cells (Reed et al, 1991), the ts RSVLA29 Rat-1 cells 
were also found to exhibit a mobility shift of RaM 
with similar kinetics to that of Sos-1 at the permissive 
temperature (Figure 3d). 

Erkl and Erk2 show no constitutive upregulation 
following ras-, ODC- or v-srotransformation 

Activated Raf-1 initiates a phosphorylation cascade by 
phosphorylating first a MAP kinase (MAPK) kinase, 
also called MEK, which is a dual specificity kinase and 
phosphorylates MAPKs (Erks) on tyrosine and 
threonine residues, resulting in their activation. 
MAPKs are serine/threonine-specific kinases which 
play a key role in the activation of several transcrip- 
tion factors (Blenis, 1993; Cobb et a/., 1991; Crews and 
Erikson, 1993). According to recent evidence, consti- 
tutively active MAPK kinase can cause transformation 
of NIH3T3 cells (Cowley et al, 1994; Mansour et al,, 
1994), and MAPK has been found to be activated in 
cells transformed by several oncogenes, like ras, src, raf 
and mos (Gupta et ai, 1992; Leevers et al., 1994; 
Mansour et ai, 1994; Samuels et al, 1993), In 
agreement with earlier reports we found clear mobility 
shifts of Erkl and Erk2 in NIH3T3 cells treated with 
PDGF-BB. Surprisingly, we did not detect a sustained 
tyrosine phosphorylation of Erkl and Erk2 in cells 
stably transformed by ras or ODC (Figure 4a). We did 
not either detect any transient, intrinsic activation of 
Erkl or Erk2 at different times of the cell cycle (data 
not shown). Neither did the ts RSVLA29 Rat-1 cells 
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Hgure 4 MAP Idiiases (Erkl and 2) are not coastitutively 
activated in ras-, ODC- or v-jrc-transformed cells, (a) Detergent- 
soluble proteins resolved in 12.5% SDS-PAGE immunoblotted 
with antibodies to MAPK show an electrophoretic mobility shift 
only in normal Ni cells upon PDGF stimulation, (b) The MAPK 
(Erkl and £rk2) activities in normal and stably transformed cells 
measured as described in the Materials and methods. The black 
and dotted bars represent the non-stimulated or PDGF*BB- 
stimulated samples, respectively, (c) Detergent-soluble proteins 
from normal Rat-1 cells stimulated or not with PDGF-BB and 
from Rat- 1 LA29 cells grown st restrictive (39.5''C) or pcnnissive 
(35**C) temperature show an upshift of MAPKs (in 12.5% SDS* 
PAGE) only in the case of the normal cells upon PDGF 
stimulation 



show any significant shifts in Erkl or Erkl mobilities 
upon y-src activation (Figure 4c). We then looked into 
the possibility that the activated Erk2 were translo- 
cated to the nucleus, but could not find any changes in 
the amount or mobility of Erk2 (or Erkl) in the 
nuclear fractions by immunoblotting (data not shown). 
In addition, we measured the MAPK (Erkl and Erk2) 
activities of the normal or ras- and ODOtransformed 
cells by in vitro immunocomplex kinase assays with a 
synthetic peptide of myelic basic protein as a substrate 
(Figure 4b). The normal NIH3T3 cells responded to 
PDGF-BB with a 5-6-fold increase in MAPK activity 
and the respective stimulation of Rat-1 cells, used as a 
reference, yielded a tenfold MAPK activation (Figure 



4b). The in vitro kinase assays did not reveal any 
increase in MAPK activity in the ras- or ODC- 
transformed cells (Figure 4b). It should also be noted 
that expression of the dominant-negative MAPK 
mutant effectively blocking Mos transformation 
(Okazaki and Sagata, 1995) only slightly reversed the 
morphology of the ra^-transformed cells and had no 
effect on the phenotype of the ODC transfonnants. 
Moreover, we have found that treatment of the cells 
with a specific inhibitor of MEK (PD 098059) does not 
affect the transformed morphology or proliferation of 
the ODC-transformed cells, whereas the morphology of 
the Ras transfonnants is partially reversed towards the 
normal phenotype (Paasinen-Sohns and Holtta, manu- 
script in preparation). 

Tyrosine phosphorylation of STAT- 1 (p91) or STAT-3 
is not elevated in the Ras and ODC transformants 

Recently, a novel pathway for growth factor activated 
transcription that involves interferon-responsive tran- 
scription factors termed STATs has been identified 
(Darnell et aL, 1994; Ihle, 1996). This pathway has 
been found to operate in the PDGF-mediated signaling 
in human fibroblasts (Silvennoinen et al, 1993) and 
NIH3T3 ceUs (Wen et al, 1995). We were therefore 
interested to compare alterations in this signaling 
pathway in the PDGF-stimulated normal NIH3T3 
cells and Ras- or ODC-transformants. However, our 
blotting of the anti-phosphotyrosine inmiunopredpi- 
tates from the normal or transformed cells did not 
reveal any significant increase in the tyrosine phos- 
phorylated p91/84 STAT-1 (Figure 5a) or STAT-3 
(data not shown) following PDGF treatment. Likewise, 
when p91 was immunoprecipitated from the Nl cells 
with specific antibodies, the proteins resolved by SDS- 
PAGE and blotted with monoclonal anti-phosphoty- 
rosine antibodies, we did not detect any appreciable 
increase in the tyrosine phosphorylation of p91 in 
response to PDGF-BB stimulation (Figure 5b). No 
increases of p91 or p91 molecules with retarded 
mobiUty representing tyrosine and serine phosphory- 
lated forms were either detected on blotting of the 
cytosolic or nuclear fractions from the PDGF- 
stimulated normal NIH3T3 cells, ras- or ODC- 
transformed cells with antibodies to p91 (Figure 5c), 
Neither did we detect PDGF-induced tyrosine phos- 
phorylation of the JAKl and JAK2 tyrosine kinases 
assumed to mediate p91 phosphorylation (Darnell et 
at., 1994; Ihle, 1996) in these cells. Thus, we conclude 
that tyrosine phosphorylation of p91 does not play a 
substantial role in the PDGF-mediated activation of 
gene transcription in NIH3T3 cells under the 
physiological conditions. This notion is also supported 
by the recent finding on p91 knock-out mice showing 
no defect in responsiveness to any growth factor or 
cytokine except interferon (Durbin et o/., 1996). It is 
also clear from our studies that p91 is not constitu- 
tively activated in cells transformed by ras or ODC. 

p70/85 S6 kinase is not involved in transformation 

We have also studied the possible role played by the 
recently documented novel Ras-independent PDGF- 
signaling pathway leading to activation of p70/85 S6 
kinase, Ming et aL, 1994) in transformation. Stimulation 
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Figure 5 Tyrosine phosphorylation of p91 (STAT-1) is not elevated in the ras- and ODC-transformed cells. The immuno- 
predpitotions with (a) a-P-Tyr antibodies or (b) a-p91 and a-NRS (normal rabt>it scrum) were resolved in SDS-PAGE and 
immunoblolted with antibodies to (a) p91 and {b, left) phosphotyrosine. The right part of the panel (b) shows thie same filter as on 
the left, blotted with antibodies to p91 . The faint sigiml seen in the left part of the panel (b) does not appear to be specific for p91, 
(c) Nuclear translocation of the p91 protein was neither seen in the PDGF-siimulated normal cells nor the ras- and ODC- 
transfonned cells 



of normal NIH3T3 fibroblasts with PDGF was found to 
result in an about threefold increase in the p70/85 S6 
kinase activity. The ros-transformed NIH3T3 cells 
showed a similar basal S6 kinase activity to the normal 
cells, and responded with a slight (1.5-fold) increase in 
the kinase activity upon PDGF stimulation. The ODC- 
transformed cells displayed a slightly elevated basal S6 
kinase activity, which was stimulated about twofold by 
PDGF (Paasinen-Sohns and Holtta, unpublished data). 

NIH3T3 cells transformed by ras and ODC show 
repression of the PDGF a- and ^-receptors 

It has become apparent that many oncogenes modulate 
the function of growth factor receptors and may induce 
autocrine loops (Baserga, 1994). In several previous 
studies (concerning PDGF jj-rcceptors) the number of 
PDGF receptors has been found to be normal. in ras- 
transformed NIH3T3 cells. However, we found that the 
ray-transformed E4 cells display a marked reduction in 
PDGF a- and jS-receptors (Figure 6a and b). Blotting 
with the a-receptor antibodies showed that the levels of 
both the mature 190 kDa a-receptor and its 160 kDa 
precursor were decreased in the E4 cells (Figure 6a). The 
ODC-transformed cell Unes, particularly the Odc-n cells 
appeared to show a still more significant reduction in the 
a-receptor levels (Figure 6a). Inununoblottings of the 



same cell extracts with the ^-receptor antibodies in turn 
showed that the roi-transformed E4 cells display quite a 
significant decrease or total loss of the PDGF ^- 
receptors (Figure 6b). The OE>C-transformed cells, 
particularly the Odc-n cells, also displayed a clear 
decrease in the PDGF j?-receptors (Figure 6b). Similar 
results were obtained with untreated cells and cells 
treated with PDGF-BB for 15 min, although an incipient 
downregulation of the PDGF receptors by PDGF 
(Heldin, 1992) was already apparent in some experi- 
ments at this time. To further verify these findings, we 
measured the receptor levels by ['"IJPDGF-AA and 
[«"I]PDGF-BB binding assays (Figure 6c). The binding 
of the radioactive ligands in the absence or presence of 
increasing (and saturating) concentrations of unlabeled 
PDGF-AA or PDGF-BB revealed that normal NIH3T3 
cells have several-fold higher content of the PDGF )3- 
receptors than the a-receptors (Figure 6c). Consistent 
with the immunoblotting results, both the ras- and ODC- 
transformed cells showed a marked decrease in the 
number of both PDGF a- and ^-receptors. 

In order to find out the mechanisms leading to the 
loss of the PDGF receptors in ras- and ODC- 
transformed cells, we examined the expression of the 
receptors at the mRNA level. Northern blot analysis 
revealed that both the ras- and ODC-transformed cells 
have markedly reduced levels of the PDGF a-receptor 
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Figure 6 Downregulation of the PDGF a- and ^-receptors io 
NIH3T3 cells traasformed by ras and ODC. Detergent-soluble 
proteins resolved in SDS-PAGE were immunoblotted with 
antibodies to (©) PDGF a-receptor and (b) PDGF ^-receptor. 
The receptor levels were also measured by ("'^I]PDGF-AA and 
[*^^DGF-BB binding assays (c) as described in Materials and 
methods. One repremtative experiment out of three is presented. 
The white and dotted bars represent the binding of [*"I]PDGF' 
AA and -BB, respectivelv. The black and grey bars show the 
remaining binding of ['"qPDGF-AA and -BB after saturation 
with non-radioactive PDGF-AA and -BB, respectively. The 
Northern blots probed with (d) PDGF o-roccptor cDNA and 
(e) PDGF j?-receptor cDKA show the expression of the PDGF 
receptor messenger RNAs in the ras- and ODC-transformed cells. 
The integrity and loading of RNA was controlled by hybridizing 
the blots with human ^<actin cDNA probe. The sizes of the 
mRNAs are indicated on the right. The hybridization signals were 
quantified by phosphoimager (Molecular Dynamics, Inc.) 
scanning of the filters and adjusted to the ^-actin mRNA levels. 
The relative values for the 6.5 kb PDGF-a mRNA (d) are 
NIH3T3 100. Nl 141, RasE4 25, Ode 5 and Odc-n 3. The origin 
and the significance of the shorter PDGFR^ mRNA is not 
known currently. The relative values for the PDGF-^ mRNA (e) 
are NIH3T3 100, Nl 102, RasE4 12, Ode 26 and Odc-n U 



mRNA as compared with the nonnal NIH3T3 cells. 
The reduction of the a-receptor mRNA was taost 
profound in the Odc-n cells (Figure 6d), Likewise, both 
the Ras E4 and Odc-n cells displayed a marked 
decrease in the levels of the PDGF j5-receptor mRNA 
(Figure 6e), It is evident from these studies that the 
decreases in the receptor mRNAs are dependent on the 
expression levels of the transforming proteins, as 
shown for the ODC-transformed cell lines. 

v-src- induced transformation of rat fibroblasts causes a 
preferential decrease in PDGF fi-receptor levels 

We also analysed the PDGF a- and j!-receptor levels in 
the v-jrc-transformed rat fibroblasts (Rat-1 LA29) 
(Wyke and Stoker, 1987). hnmunoblotting analyses 
showed that the number of the PDGF a-receptors 
remains unaffected or is only slightly reduced during 
the v-jrc-induoed transformation in these cells (data 
not shown), while in v-jrc-transformed NIH3T3 cells 
the PDGF a-receptors appear to show a clear decrease 
(Lih et al., 1996). But blotting of the Rat-1 LA29 ceil 
lysates with antibodies to the ^-receptor revealed a 
profound decrease in the amount of the PDGF fi- 
receptors following v-src induction, correlating with the 
degree of morphological transformation (data not 
shown). 

The oncogene expression levels determine the degree of 
aberration in signaling and may explain previous 
conflicting results 

Since the observed downregulation of PDGF receptors 
in ros-transformed cells was in contrast with the 
previously published data, we looked into the 
possibility that the opposite results could be derived 
from different expression levels of the ras oncogene. 
Indeed, it was found that levels of the PDGF a- and ^- 
receptors were decreased in an oncogene expression- 
dependent manner, the decrease being much smaller in 
the E2 cells expressing lower levels of ras than the E4 
cells (Figure 7a and b). This was also reflected, as 
expected, in the PDGF-induced alterations in the 
signaling molecules and may explain the discrepancy 
in earlier studies (see Introduction). For example, the 
tyrosine phosphorylations of PLCy-1 and RasGAP in 
response to PDGF stimulation were attenuated less in 
the E2 than E4 cells (Figure 7c and d). 

The ras-, ODC- and V'%iz~transformed cells display a 
constitutive increase in phosphorylation of c-Jun on 
serines 63 arui 73 

The growth factor-induced signals amplified by the 
phosphorylation cascades culminate in changes in 
transcription factor activities, which often involves 
protein phosphorylation. Since the ras-, ODC- and v- 
jrc-transformcd cells did not display activation of the 
MAPK or JAK-STAT pathways, but showed constitu- 
tive phosphorylation of Raf-1 and Sos-1, we examined 
the signaling into the nucleus .and analysed the 
phosphorylation of the c-Jun and other transcription 
factors. Also, we examined the possible activation of the 
JNKs (c-Jun N- terminal kinases) (Derijard et ai, 1994; 
Hibi et al., 1993; Karin and Hunter, 1995), in these 
transformants. Previously, c-Ha-roj oncogene has been 
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Figure 7 Downregulation of PDGF receptors and tyrosine 
phosphoi^tioD of PLCy-1 and GAP in an oncogene exprcs- 
sion-depsodent nianncr in ros-transformed cells. Detergent- 
soluble proteins resolved in SDS-PAGE were immunoblotted 
with antibodies to (a) PDGF a-rcceptor and (b) PDGF p- 
receptor. a-P-Tyr immunopredpitated proteins resolved in SDS- 
PAGE were immunoblotted with antibodies to (c) PLCy-1 and (d) 
GAP 



found to augment phosphorylation of c-Jun on its 
activation domain, as assessed by ^T-orthophosphate 
labeling (Binetruy et al,, 1991; Karin and Hunter, 1995; 
Pulverer ei al,, 1991). Our results obtained with the 
phospho-specific antibodies to c-Jun are in line with 
these observations. Whereas the normal Nl cells only 
exhibit a very faint phosphorylation of c-Jun on serine 73 
when stimulated with serum (Figure 8a), the cells 
transformed by ras or ODC display a strong constitutive 
phosphorylation of c-Jun on serine 73 grown either in the 
presence or absence of serum growth factors. In 
addition, the induction of cell transformation by the ts 
v-src oncogene was found to result in serine 73 
phosphorylation of c-Jun. It should be noted that these 
transformed cells showed also an increase in phosphor- 
ylation of c-Jun on serine 63 (data not shown), which is 
known to be the other, minor phosphorylation site in the 
transactivation domain (Hibi et al.y 1993). The expres- 
sion level of c-Jun protein was only slightly elevated in 
the ras- and ODC-iransformed cells relative to the 
normal Nl cells (Figure 8b), indicating that it is truly a 
question of increased phosphorylation of c-Jun in the 
transformants. Interestingly, our in vitro JNK assays 
(Figure 8c) revealed that JNKl and JNK2 can not be 
solely responsible for the phosphorylation of c-Jun on its 
activation domain in these three transformed cell lines, 
indicating that there is still an unknown kinase capable 
of phosphorylating c-Jun on serines 63 and 73, important 
for transformation. 



DiscussioiDi . 

Growth factor-induced signals may be transmitted 
from the cell smrfaoe to the nucleus through multiple 
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FigGs« 8 Phosphorylation of c-Jun on its aminoterminal 
activation domain (on serine 73) and JNK activity in cells 
transformed with ras, ODC and temperature-sensitive \-src, (o) 
Nuclear proteins from the normal and c-Ha-roi^*" ^-oncogene or 
ODC^transforn^ cells grown in the presence of serum or starved 
for serum (24 h), and from ts v-jrooncogene expressing cells were 
resolved in S0S-PAGE and blotted with monoclonal antibodies 
specifically detecting c-Jun pbospborylated on serine 73. (b) The 
nuclear protein samples blotted with a-c-Jun antibodies show the 
total amount of c-Jun in the cells, (c) The phosphorylation of c- 
Jun(l~]69)-GST substrate in JNK.1 immunocomplex kinase 
assay. The imexpsctedly high JNK activity in the Rat-1 LA29 
cells at 39.5''C is Itlcely due to a heat shock response. A similar 
result was obtained in the solid-phase JNK kinase assay 



signal transduction pathways. These signaling cascades 
are thought to play an important role in the control of 
cell proliferation, as the products of many oncogenes 
have proved to be mutationally activated forms of the 
normal signaling molecules. The currently held view is 
that there may be multiple routes leading to cell 
transformation^ but the key unresolved question is 
whether these pathways finally converge to a common 
alteration in signaling dictatory for neoplastic trans- 
formation. 

According to many previous results, cells trans- 
formed by ras become refractory to PDGF stimulation 
and this is not due to a loss of the receptors, but is 
caused by suppressed PDGF ^-receptor autophosphor- 
ylation (Rake et ai, 1991; TomaSka and Resnick, 
1993). However, we found a marked decrease in the j?* 
receptor levels, and also of the a-receptors, in the ras* 
transformed cells. This was confirmed both by 
['^'I]PDGF-BB and p^IXJF-AA receptor binding 
assays and immunoblotting analyses. Thus, both the 
ligand-unoccupied and total nimibers of the receptors 
appear to be decreased. One explanation to the earlier 
discrepant results could be a lower Ras expression, as 
our studies revealed an oncogene expression-dependent 
decrease in the number of the PDGF receptors. 
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Recently, also Vaziri and Faller (1995) have found 
repression of the expression of PDGF-^ receptor in 
ray-transformed 3T3 cells. 

We further found that cells transformed by human 
ODC, which may be a mediator of the activation of 
many oncogenes (Auvincn et al.^ 1992, 1995) through 
still unknown signaling mechanisms, display a marked 
decrease in the levels of both PDGF a- and fi- 
receptors, in a manner similar to the ro^-transformed 
cells. The ODC*transformed cells showed even a larger 
reduction in the PDGF a-receptors than the fi- 
receptors. The v-jrc*transformed rat fibroblasts, in 
turn, showed a predominant reduction in the PDGF 
)?-receptor levels. Besides the reduction in the PDGF 
receptors, we have found that the ras- and ODC- 
transformed cells also show decreased expression of the 
EGF receptor (Auvinen et ai, 1997 and data not 
shown), similar to that reported for the \-src- 
transformed cells (Wasilenko et al., 1990). Further, 
insulin receptor expression has recently been reported 
to be reduced in ro^-transformed cells (Baron-Delage et 
aL, 1994). In addition, we have previously found 
downregulation of the PDGF a- and /?-receptors also 
in NIH3T3 cells transformed by the neu receptor 
tyrosine kinase (Lehtola et aL, 1991). Consequently, it 
appears that one reason, although not the only one, for 
the general unresponsiveness of different transformed 
cells to specific growth factors and serum (Greulich et 
aL, 1996; Samuels and McMahon, 1994; Yu et aL, 

1993) may be a decrease or loss of the appropriate cell 
surface receptors. Some neoplastic cells, like the 
malignant ghoblastomas and astrocytomas, can, 
however, express a specific receptor and its ligand, 
creating an autocrine loop (Heldin, 1992; Baserga, 

1994) . The production of the growth factors may also 
lead to receptor downregulation. However, this is not 
the mechanism for the downregulation of the PDGF 
receptors in our ras- or ODC-transfonned cells, as we 
have not detected any increased expression of PDGFs 
by them. This conclusion is also supported by our 
finding of no constitutive activation of the upstream 
signaling molecules in these cells. Therefore, we 
postulate that the decrease m the receptor levels in 
these and probably many other transformed cells 
rather reflects negative feed-back regulation of their 
expression by the constitutively signaling oncoproteins. 

A vast number of signaling molecules have been 
implicated in cell transformation, but it has remained 
imresolved whether any of them could represent a 
common element in the transformation process. The 
ray-transformed cells exhibited a slightly elevated basal 
tyrosine phosphorylation of GAP, which was not 
increased by PDGF treatment. This lack of GAP 
phosphorylation might well account for the profound 
decrease in the ^-receptors, and the known inability of 
the residual a-receptors to associate with GAP 
(Bazenet and Kadauskas, 1993). ynlike ras, the 
ODC-transformed cells did not show any constitutive 
increase in GAP phosphorylation. It also appears from 
our data that the tyrosine phosphorylation of GAP is 
dependent on the expression level of oncoproteins, 
which may explain the previously reported controver- 
sial results in the case of ras transformation. The same 
may hold for the conflicting results concerning the 
activation and tyrosine phosphorylation of PLCy-1 by 
PDGF in the ray-transformed ceUs (see Introduction). 



The adaptor proteins Syp and She, which were found 
to associate both with the PDGF a- and ^-receptors in 
normal cells (Paasinen-Sohns and Holtta, unpublished 
data), were found to show no elevation of basal 
phosphorylation and showed only marginal, if any, 
increases in tyrosine phosphorylation in response to 
PDGF treatment in the ras-transformed cells, while the 
ODC'transformed cells showed a detectable response. 
In addition, there were clear differences in tyrosine 
phosphorylation of the different signaling molecules in 
the PDGF-stimulated ras- and ODC-transformed cells. 
This differential behaviour might be related to the fact 
that the ODC transform^ts displayed a smaller 
decrease in the jS- than a-receptors, while the opposite 
was true for the Ras-transformants. It should, 
however, also be taken into account that the proteins 
may undergo differential dephosphorylations by 
phosphotyrosine phosphatases, such as Syp, or there 
could still exist a third PDGF receptor (y-receptor). 

Interestingly, the ras-, v-src- and ODC-transformed 
cells showed a shift in the electrophoretic mobility of 
Sos*l, similar to that seen in the PDGF-stimulated 
normal 3T3 cells. This mobility shift of Sos-1 is known 
to be due to its phosphorylation on serine/threonine 
residues. Recent evidence shows that the phosphoryla- 
tion of Sos-1 is associated with its dissociation from 
the cell surface receptor complexes or Grb2 and 
potential feed-back inactivation (Rozakis-Adcock et 
aL, 1995), which notion is also supported by our 
findings (unpublished data). The C-terminus of Sos-1 
has several potential phosphorylation sites for MAPK, 
and Sos-1 has been documented to beconie phosphory- 
lated by MAPK both in vitro and in v/vo (Chemiack et 
aL, 1994; Rozakis-Adcock et al,, 1995). However, in 
our study we did not find the activity of MAPK (Erkl 
and Erk2) to correlate with the phosphorylation state 
of Sos-1 in the ras- and ODC-transformed NIH3T3 
cells and v-src transformed rat fibroblasts, suggesting 
that the phosphorylation of Sos-1 is performed by 
another kinase. Interestingly, Raf-1 showed a mobiUty 
shift similar to that in Sos-1 in the normal and ray- and 
ODC-transformed cells untreated or treated with 
PDGF, and in v-jrc-transformed rat cells. It remains 
to be seen whether it is a question of the same, possibly 
a novel kinase that phosphorylates both Sos-1 and 
Raf-1. As we did not find a correlation between the 
activity of JNKs and phosphorylation of Sos-1 and 
Raf-1 either, JNKs may be discounted. The electro- 
phoretic mobility shift of Raf-1 resulting from its 
phosphorylation on serine residues is known to be 
associated with its activation (Daum et aL, 1994), but 
the shift is not always a good indicator of Raf-1 
activation (Samuels et aL, 1993) and may also reflect 
feed-back inhibition. Raf-1 has previously been foimd 
to become constitutively activated and show a mobility 
shift in v-jrc-transformed cells (Reed et aL, 1991), and 
c-Ha-ros-transformed cells grown in the presence of 
serum (Morrison et al,, 1988), but not in the serum- 
starved Ras-transformants, which instead displayed 
overexpession of Raf-1 (Reed et aL, 1991). The fact 
that we observed a mobility shift in Raf-1 also in the c- 
Ha-roy-transformed NIH3T3 cells grown in low serum 
might be explained by higher expression levels of the 
Ras oncoprotein, since at least in the ODC-trans- 
formed cells the mobihty shift of Raf-1 was dependent 
on the expression level of ODC. However, while in ray- 
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transfonned cells this shift was associated with an 
increase in the activity of RaM (m the immunocom- 
plex assay), the ODC-transfonned cells did not show 
any activation of Raf-1. Therefore we conclude that, at 
least in the case of ODC transformation, the shift in 
the electrophoretic mobility of Raf-1 represents 
negative feed-back regulation. 

A number of studies have implicated MAPK to 
have an essential role in the receptor tyrosine kinase- 
mediated signal transduction and cell proliferation. 
Further, inhibition of MAPK by the MAPK 
phosphatase MKP-1 has been shown to block the 
induction of DNA synthesis in fibroblasts by an 
activated Ras (Sun et aU 1994). The activi^ of 
MAPK has also been reported to be constitutively 
elevated in NIH3T3 cells transformed by ras and y-src 
(Gupta et ai, 1992; Leavers et al,, 1994). However, we 
did not find any constitutive elevation of MAPK 
(Erkl and Erk2) in the ras- or ODC-transformed 
NIH3T3 cells, while a clear increase in MAPK (Erkl 
and Erk2) activity was seen upon PDGF stimulation 
of the normal NIH3T3 cells. Neither did we detect 
any significant electrophoretic mobility shifts in Erkl 
or Erk2 following v-jrc-induced transformation of rat 
fibroblasts, although such shifts were clearly detected 
in the control Rat-1 cells in response to PDGF. One 
explanation to the discrepant results could be that 
some of them are derived from transient transfection 
experiments and others, Uke ours, are based on stably 
transformed cells. Based on these findings, we 
conclude that the MAPK (Erkl and ERk2) pathway 
is not responsible for the propagation of the 
proliferative signals and maintenance of the transfor- 
mation by the ODO, ras- and v-^rc-oncogene. This 
notion is further supported by our studies on the 
effect of dominant negative MAPK mutant in these 
cells. There are also a few other studies indicating that 
the activation of MAPK does not correlate with 
transformation (Alessandrini et aL, 1996; Gallego et 
al., 1992; Greulich et al,, 1996; Samuels et aL, 1993). 
In the case of ror, however, we cannot totally exclude 
the possibility that the low basal activity of MAPK 
would contribute to transformation. Our data also 
show that the JAK-STAT-1 (or STAT-3) signaling 
pathway is not constitutively activated in the ras- or 
ODC-transformed NIH3T3 cells, suggesting that it is 
not critically involved in the cellxilar transformation 
process. Besides, this pathway was found to contribute 
very little, if at all, to the PDGF-mediated responses 
in normal NIH3T3 fibroblasts. It remains, however, to 
be determined whether the other recently discovered 
members of JAKs and STATs (Darnell et at., 1994; 
Dile, 1996) could play a role in transformation. Our 
data hkewise exclude the possibility that the Ras- 
independent pathway leading to p70/85 S6 activation 
is involved in transformation. 

But, consistent with our original hypothesis, we 
found at least one conmion alteration in signaling, the 
constitutive phosphorylation of c-Jun on its transacti- 
vation domain, which can easily be envisioned to play 
an important role in transformation. It is worth 
noting, that thus far, the analyses of the phosphoryla- 
tion of c-Jun have been only based on 
pPJorthophosphate labeling studies, which may be 
subject to errors due to the changes in the ["P] 
uptake, and specific radioactivity of the phosphate 



pools. The availability of phospho-specific antibodies 
now circumvents these problems, and may give a more 
rehable picture of the phosphorylation status of the 
proteins. Previous studies (Binetruy et aL, 1991; 
Pulverer et aL, 1991) although not all of them 
(Baker et aL, 1992) have shown that the phosphoryla- 
tion of c-Jun (on serines 63 and 73) is associated with 
its increased transcriptional capability, possibly via 
binding to the CBP co-activator (Karin and Hunter, 
1995) or other transcription faaors. In any case, this 
domain is known to be essential for the transforming' 
potential of c-Jun (Hartl and Vogt, 1992), suggesting 
that one clue to transformation could be in 
transcription of some specific target genes. 

What is then the kinase(s) responsible for the 
phosphorylation of c-Jun in these cells? The JNKl 
and JNK2 that are distantly related to MAPK, are 
thought to be the principal kinases phosphorylating 
c-Jun on serines 63 and 73. In cells transiently 
transfected with the ras- or v-5rc-oncogenes, the 
activity of JNKs has been found to be moderately 
elevated (Dcrijard et aL, 1994; Minden et aL, 1995), 
and our studies show that in ODC-transformed cells 
the activity of JNKl is highly elevated, which would 
give a reason to speculate that the answer is in the 
activation of JNK. However, we did not find a 
correlation between the activities of JNKs and the 
phosphorylation of c-Jun (on serine 73) in the ras- and 
v-jrc-transformed cells, suggesting that there is still an 
uknown, major kinase capable of phosphorylating the 
activation domain of c-Jun. It has recently been 
reported that c-Raf/Mil could phosphorylate c-Jun on 
serines 63 and 73 (Radziwill et al,, 1995), but we did 
not detect increased phosphorylation of c-Jun(l-169)- 
GST fusion protein in the anti-c-Raf immunoprecipi- 
tates from the ODC- or roj^transformed cells • 
(Paasinen-Sohns and Holtta, manuscript in prepara- 
tion). One potential candidate could be the proline- 
directed protein kinase phosphorylating c-Fos, termed 
FRK (Deng and Karin, 1994), as the sequences 
surrounding the phosphorylation sites in c-Jun and c- 
Fos are highly homologous. It is also interesting to 
note that, the recently proposed hypothesis that the 
activation of JI^JK and concurrent inhibition of Erk 
would be a decisive factor for apoptosis (Xia et aL, 
1995), does not hold for the ODC-transformed cells 
which display such a situation. 

In conclusion, our results show that the ODC-, 
c-Ha-ros- and v-5rc-transformed cells all display a 
reduction or loss of specific growth factor receptors, 
which is evidently caused by a negative feed-back 
regulation at the level of mRNA expression. Signifi- 
cantly, although a great number of the intermediates of 
signaling, such as Syp, She, Src, Nek, PI3-K, Sos-1, 
Ras, Raf-1 and MAPK kinase, have previously been 
shown to have transforming activity or to be elevated 
in different cancer cells, it is apparent from our studies 
that very few, if any, of them can be considered to be 
characteristic of transformed cells in general. Only Sos- 
1 and Raf*l exhibited a constitutively retarded 
electrophoretic mobihty in all these three transfor- 
mants. We assume that these changes reflect negative 
feed-back phosphorylation loops (that probably exist 
also in the normal Hgand-activated cells), because Ras 
is known to act downstream of Sos-1 and ODC acts 
even downstream of the nuclear transcription factors. 
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such as c-Myc (Bcllo-Fernandez et al., 1993; Holtta et 
ai^ 1994), and no increase in Raf-1 activity was 
observed in the ODC transformiants. Interestingly, 
ErkI and Erk2 seem not to be responsible for the 
mobility shifts of Sos*l and Raf-1 or the driving force 
for the proliferation and maintenance of the trans- 
formed phenotype of the ODC-, ras- or v-jrc- 
transfonned cells. The JNK, JAK-STAT-1 (or STAT- 
3) and S6 kinase signaling molecules are not the 
common denominators in transformation, either. But 
the observed constitutive tyrosine phosphorylation of 
some proteins (Auvinen et aL, 1995) and persistent 
serine/threonine phosphorylation of Raf-1, Sos-1 and 
cJun in the c-Ha-roLf-, y-src- and ODC-transformed 
cells suggests that there is a tyrosine kinase and a 
serine/threonine kinase, or a dual-specificity kinase, 
constitutively active in these ceils. Moreover, we have 
recently found that the morphological transformation 
by ODC, c-Ha-ros^"^"- and v-src- oncogene are 
reversed by selective inhibitors of protein tyrosine 
kinases (Auvinen et aL, 1995) and serine/threonine 
kinases ^aasinen-Sohns and Holtta, unpublished 
data). Identification of these kinases and full under- 
standing of the meaning of the constitutive phosphor- 
ylation of c-Jun activation domain will be important. 
The answers to significant questions, such as how does 
the phosphorylation of c-Jun affect its interaction with 
other proteins, are other transcription factors possibly 
phosphorylated, and which target genes are specifically 
activated, could give important clues to the ultimate 
molecular mechanism of cancer development. 



MaterisJs and me(tlbdls 
Cell culture 

The cell lines used were: NIH3T3 cells and their stable 
transfectants expressing the neomycin resistance gene alone 
(Nl), c-Ha-roi oncogene (pGEJ6.6) at different levels (E2 
and E4) (Holtta et aL, 1988; Sistonen et al„ 1989b) and 
human ornithine decarboxylase cDNA (Ode) (Auvinen et 
aL, 1992), Odc-n cells were derived from the Ode cell- 
induced tumors in nude mice (Auvinen et al„ 1997). The 
Rat-1 fibroblasts, and temperature sensitive (ts) RSVLA29 
Rat-1 cells carrying the ts339jrc gene of RSV-B77 have 
been described earlier (Wyke and Stoker, 1987). 

The NIH3T3 and Rat- 1 cell lines were cultured in 
Dulbecco'3 modified Eagle's medium (DMEM) supplemen- 
ted with antibiotics and 5% fetal calf serum (Bioclear). The ts 
y-src cell lines were cultured in RPMI-1640 medium 
containing the antibiotics and 5% fetal calf serum. 

Antibodies 

Polyclonal antibodies to the PDGFR-a and -fi (R7 and R3) 
were kind gifts from C-H Hcldin and L Claesson-Welsh. 
Polyclonal p91c was provided generously by JE Darnell Jr. 
Monoclonal agarose-conj uga ted an ti*phosphoty rosine 
4G10, monoclonal antibodies to Ash/Grb-2, Nek and 
PLCy-l, polyclonal antibodies to GAP, SHC, Sos-1 » 
SHPTP2/SYP and C-terminal part of the Erkl MAP 
kinase R2, and whole antisera to JAK.1, JAK2 and the 
p85 subunit of PI3-K were purchased from Upstate 
Biotechnology Inc. Monoclonal anti-phosphotyrosine anti- 
bodies (clone PT-66) were from Sigma. Monoclonal 
antibodies to MAP kinase recognizing Erkl and Erk2, 
were purchased from ZYMED Laboratories. Anti-v-src- 
antibody 327 was from Oncogene Science. Polyclonal 
antibodes raised against Raf-1 (0-12), c-Jun/AP-l (N) and 



JNKl (CI 7) were purchased from Santa Cruz Biotechnol- 
ogy. Monoclonal phospho-specific c-Jun (Ser 73) and c-Jun 
(Ser63) antibodies were from New England BioLabs. 

Cell lysates and immunoprecipitations 

NIH3T3 cells, their derivatives and Rat-1 cells were grown 
for 2 days and starved for 20-24 h in medium containing 
0.5% fetal calf serum. The cells were stimulated with 
30 ng/ml of human recombinant PDGF-AA or -BB 
(Upstate Biotechnology Inc.) for 15min at 3TC. In 
transformation assays the temperature-sensitive v-src cells 
were kept at the restrictive temperature (39.5°C) for 2 days 
and then shifted to the permissive temperature (35*0). 

Cells were lysed in non-ionic detergent buffer (50 mM 
HEPES pH 7.0, 150 mM NaCl. 10% glycerol. 1% Triton X- 
100, 1.5 mM MgClj, 1 mM EGTA 100 mM NaF, 10 mM 
NaPPi, 1 mM AEBSF, 2 mM sodium orthovanadate, 10 fig/ 
ml aprotinin/leupeptin) and nuclei were removed by 
centrifugation. Protein concentrations of the soluble proteins 
were then determined by BioRad kit. 

40 /ig of the detergent-soluble proteins were suspended in 
LaenmiU's sample buffer and boiled for 5 min. In immuno- 
precipitation analyses, equal amounts of proteins (500- 
1500 |ig) were inmiunoprecipitated with specific antibodies or 
nonimmune sera for 1 h at 4°C. Complexes of mAbs were 
harvested using agarosc'beads with covalently conjugated 
goat anti-mouse IgG and pAbs respectively with agarose- 
beads covalently conjugated with goat anti-rabbit IgG (Sigma 
Chemical Co.). Anti-phosphotyrosine immunoprecipitations 
were carried out with agarose-conjugated monoclonal anti- 
phosphotyrosine 4G10. The resulting immunocomplexes were 
washed five times with lysis buffer and the specificity of the 
phosphotyrosine antibodes was controlled by addition of 
50 mM phenylphosphate for competition with the samples. 
Samples suspended in Laemmli's buffer were then boiled for 
5 min. All the analyses were repeated at least three times. 

Isolation of nuclear fractions 

Cells were suspended in hypotonic lysis buffer (10 mM Tris 
pH 7.5, 10 mM NaCl, 3 mM MgCU. 25 mM )?-glycerophos- 
phate, 2 mM sodium orthovanadate, 10 ^g/ml aprotinin/ 
leupeptin. 1 mM PMSF, 50 fiM NaF, 2 mM DTT, 0.5% 
NP-40), and the nuclei were collected by centrifugation at 
maximal speed in ah Eppendorf centrifuge for 20 s. The 
pellet was resuspended in the hypotonic lysis buffer, and 
thereafter sonicated on ice for 10 s. The nuclear lysates 
were cleared by centrifugation. The protein concentrations 
were measured and the samples were prepared for SDS- 
PAGE as described above. 



Western blotting 

The proteins were resolved by 8% SDS-PAGE (unless 
stated otherwise) and transferred onto nitrocellulose 
(BioRad Trans-Blot Transfer Medium). The filters were 
incubated in blocking buffer (25 mM Tris pH 8.0, 125 mM 
NaCl, 0.1% Tween. 2% BSA, 0.1% NaNj) overnight, and 
then with specific antibodies for 4-6 h. The filters were 
rinsed five times in the washing buffer (10 mM Tris pH 8.0, 
150 mM NaCl. 0.05% NP-40, 0.05% Tween). For the 
detection by ECL Western Blotting system (Amcrsham 
RPN 2106, Boehringer Mannheim), mAbs and pAbs were 
probed with peroxidase-conjugated rabbit IgGs to mouse 
IgGs and swine IgGs to rabbit IgGs (DAKO-immunoglo- 
bulins), respectively. The filters were washed five times with 
the washing buffer, 15 min in high salt buffer (10 mM Tris 
pH 8.0, 300 mM NaCl), and finally three times in TBS 
(10 mM Tris pH 8.0, 150 mM NaCl) before the incubation 
with ECL detection reagents. The filters were exposed to 
FUJI RX film. 
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Receptor binding assay 

Cells were grown in 12-well plates for 2 days, washed once 
with cold binding buffer (0.9 mM CaCU-2HjO, 0.49 mM 
Mgar6HA 137 mM NaC!, 2.7 mM HCl, 1.42 mM 
KHjPO*, 8.4 mM NajHPO. ^H^O. 0.1% BSA) and 
PDGF-AA or -BB (Upstate Biotechnology Inc.) was 
added to the controls (at different concentrations or in 
100-fold molar excess to the radioactive ligand) in 0.5 ml 
binding buffer for 10 min. After saturation with unlabeled 
PDGF, 55 000c.p.m. of '"Mabeled PDGF-AA (kindly 
provided by C-H Heldin) or PDGF-BB (Amersham 
IM213) was added to the wells and the plates were 
incubated at 4**C for 50 min. The wells were washed five 
times with I ml binding buffer and lysed finally in 0.5 ml 
lysis buffer (1% Triton X-100, 10% glycerol, 20 mM 
HEPES pH 7.4) for 30 min at room temperature and 
counted in a ^-counter. The parallel cultures were 
trypsinized and the number of cells was counted. 



Assay of Src kinase activity 

Cells were lysed and immunoprecipitated with monoclonal 
a-v-Src antibody. The immunoprecipitates were washed five 
times with the lysis buffer, once with the lysis buffer 
containing 0.3 m NaCl and finally twice with kinase buffer 
(20 mM Tris pH 7.5, 5 mM MgClj. O.l mM EGTA, 0.1% 
TX-lOO, 0.5 mM sodium orthovanadate). The tyrosine 
kinase activity of ppdO^"" was then assayed towards the 
synthetic peptide KRLIEDNEYAARQG as described 
earlier (Auvinen et al, 1995). 



Assay of MAPK activity 

Cells were lysed and immunoprecipitated with polyclonal 
a-rat MAPK R2 as described above. The washings were 
completed with kinase assay buffer (25 mM HEPES pH 7.4, 
10 mM MgClj, 0.5 mM EGTA, 25 mM j?-glycerophosphale, 
50 fiU NaF, 2 mM DTT, 0.5 mM sodium orthovanadate). 
The reaction was started by adding a mix in 25 fj\ volume 
containing 50 /iM cold ATP, 5 /iCi/nmoI [y-^^P]ATP 
(3000 Ci/mmol) (Amersham) and 25 ng MAP kinase 
substrate peptide (APRTPGGRR) (Upstate Biotechnology 
Inc.) in assay buffer to the immunoprecipitates. The 
samples were incubated at 30°C for 15 min, whereafter 
the reactions were terminated by addition of 5 fii 100 mM 
ATP to each tube on ice. The incorportion of ["P] into the 
peptide was measured by counting the radioactivity 
retained on an ion-exchange paper (P81, Whatman) after 
washing off the free ATP by 0.5% phosphoric acid. 
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Assay ofJNK activity 

For JNK immunocomplex assay the cells were lysed as 
above and immunoprecipitated with polyclonal a-JNKl 
(C-17) antibody, which also cross-reacts with JNK2 to a 
lesser degree. The kinase reaction was performed as 
described in the MAPK assay using 2 ng of human c-Jun 
(1-169)-GST (Upstate Biotechnology Inc.) as a substrate. 
After 15 min at 30'*C the reaction was stopped by adding 
Laemmii's sample buffer to the supernatant and the 
samples were resolved by SDS-PAGE and autoradio- 
graphed. The solid-phase JNK assay was performed as 
described (Hibi et al, 1993) using agarose conjugated c-Jun 
(1-169)-GST (Upstate Biotechnology Inc.) for capturing 
the JNKs and as a substrate. 



Northern blotting 

Polyadenylated RNA was isolated by oligo(dT) chromato- 
graphy from cell lysates (Sistonen et al., 1989b). 8 /ig 
aliquots of RNA were size-fractionated on 0.8% agarose 
gels containing 2.3 M formaldehyde and transferred to 
Hybond-N nylon filters (Amersham) in 6 x SSC. RNA was 
immobilized by Stratagene crosslinker. Prehybridizations 
were performed in 50% deionized formamide, 5xDen- 
hardt's solution (0.1% BSA. 0.1% FicoU, 0.1% poly- 
vinylpyrrolidone). 0.5% SDS. 6xSSPE. 0.2 mg sonicated 
salmon sperm DNA/ml at 42°C overnight. Hybridizations 
were performed under the same conditions with "P-dCTP- 
labeled 4.5 kb PDGFR-a cDNA (obuined from J 
Escobedo) or 3.2 kb PDGFR-^ cDNA (from American 
type culture collection, clone RP41) probes generated using 
a multiprime DNA labeling kit RPN.1601Z (Amersham). 
The membranes were washed 2x 15 min at room tempera- 
ture and 3 X 10 min at 60*C in 1 x SSC, 0.1% SDS before 
autoradiography. The integrity and loading of RNA was 
controlled by hybridizing the blots with a human ^-actin 
cDNA probe. 
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